Density dependence of nuclear symmetry energy as well as its partial wave decomposition is studied within the framework of lowest-order constrained variational (LOCV) method using AV18 twobody interaction supplemented by UIX three-body force. The main focus of the present work is to introduce a revised version of three-body force which is based on an isospin-dependent parametrization of coefficients in the UIX force, in order to overcome the inability to produce correct saturationpoint parameters in the framework of LOCV method. We find that employing the new model of three-body force in the LOCV formalism leads to successfully reproducing the semi-empirical parameters of cold nuclear matter, including Esym(ρ0), L, and Ksym. All our models of three-body force combined with AV18 two-body force give maximum neutron star mass higher than 2 M⊙. The fraction of protons in the nucleon cores of neutron stars strongly depends on the three-body force parametrization.
I. INTRODUCTION
One of the aims of nuclear science is to understand the properties of strongly interacting bulk matter at nuclear levels. In this regard, properties of symmetric nuclear matter (SNM) has been studied for a long time and its equation of state (EOS) around saturation density ρ 0 is known rather well. On the other hand, the EOS of isospin asymmetric nuclear matter, particularly pure neutron matter (PNM), has not been established well despite of its crucial role in both nuclear physics and astrophysics. Motivated by this fact, studying the nuclear symmetry energy E sym which mostly governs the PNM EOS is currently an active field of research in nuclear physics.
Since the symmetry energy can not be directly measured, it is of fundamental importance to identify observables which strongly correlate with E sym and its density slope L to impose constraints on these quantities. Additional information on the value and density dependence of symmetry energy can be extracted from the astrophysical observations of compact objects, namely neutron stars. Among the terrestrial laboratory observables, the neutron skin thickness is widely studied [1] [2] [3] [4] [5] [6] during last decades. Nowadays, there are many other observables such as isospin fractionation, neutron-proton differential flow, nuclear mass systematics, low-lying E1 mode, etc., which are believed to be sensitive to symmetry energy and particularly, its density slope. We refer to references [7] [8] [9] [10] [11] and references therein quoted for more details. Density dependence of this quantity also relates the heavy-ion reactions [12] [13] [14] [15] [16] [17] [18] , stability of superheavy nuclei [19] , cooling [20] [21] [22] [23] [24] and the mass-radius relations of neutron stars [25, 26] , and properties of nuclei involved in r-process nucleosynthesis [27] .
In order to theoretically predict the symmetry energy, asymmetric nuclear matter is studied in the framework of various microscopic and phenomenological approaches by using a variety of microscopic and phenomenological two-nucleon forces and phenomenological three-body forces. Such many-body techniques include the Brueckner-Hartree-Fock (BHF) [7, 28] , its relativistic counterpart Dirac-Brueckner-Hartree-Fock (DBHF) [29] , the self-consistent Green's function [30] , variational approaches [31, 32] , mean-field model [33] , the Quantum Monte Carlo (QMC) [34] , extended relativistic mean field (ERMF) model [35] , and Skyrme-Hartree-Fock (SHF) method [36] . There are also some recent calculations for the symmetry energy of finite nuclei (see e.g. [37] and references therein). Recent progress and challenges in both theoretically and experimentally measuring the symmetry energy and its density dependence, specially at supra nuclear densities, are also reviewed in Refs. [38] [39] [40] [41] . Despite of numerous attempts that was made to determine the symmetry energy properties, especially the value of E sym (ρ 0 ) and its density slope L at saturation density ρ 0 , these quantities are still uncertain. Results are strongly dependent on different experimental techniques and many-body approaches as well as nuclear interactions. Especially, the density dependence of symmetry energy is poorly known. The high density prediction of many-body models for the symmetry energy are extremely diverse and sometimes contradictory. On the other hand, although the value of the symmetry energy is known to be in the range of ∼ 31.6±2.66 MeV [40] , explorations on L show wide variations. The obtained lower limit is ∼ 20 MeV [42] and the upper one is even higher than 170 MeV [43] . However, recent surveys of analyses of terrestrial nuclear laboratory experiments and astrophysical observations found that the mean value of the slope parameter at saturation density lies in the range of 58.9 ± 16.0 MeV [11, 40] .
In the present work, within the self-consistent lowest order constrained variational (LOCV) approach using the Argonne V18 two-body potential [44] supplemented by an Urbana type three-body force (UIX) [45] , we study the density dependence of nuclear symmetry energy with the focus on the effect of three-body interaction on this quantity. The LOCV method is a well-known many-body technique that was originally used to study the properties of cold symmetric nuclear matter [46, 47] by using the Reid-type potential [48, 49] as the bare two-body interaction. Later on, this approach was extended to finite temperature [50] and also calculation of the EOS of asymmetric nuclear matter [51] , pure neutron matter [52] , and beta-stable matter [53] was carried out within this framework by using more sophisticated potentials. Moreover, relativistic corrections has been considered in calculating thermodynamic properties of nuclear matter within this model at both zero [54] and finite temperature [55] . Recently, this technique has been extended by adding three-body forces to its formalism [56] and has been used to study the structure of neutron stars [56] as well as proto-neutron stars [57] . Although this method was successful in reproducing some properties that characterize the cold symmetric nuclear matter, namely the saturation density, saturation energy and the incompressibility, the nuclear symmetry energy obtained by this model turns out to be high and does not lie in the proper range [56] . Therefore, our goal in the present work is to correct this deficiency by revising the parametrization of UIX three-body interaction.
The article is organized as follows. In Sec. II we review briefly the adopted LOCV many-body approach including three-body interaction. Section III is devoted to theoretically studying the nuclear symmetry energy. Results and discussion are presented in Sec. IV. Finally summary and conclusion are given in Sec. V.
II. THEORETICAL FORMALISM
In this section we briefly describe the LOCV formalism whose details can be found in mentioned references in the introduction section. As the first step of calculating the EOS of asymmetric nuclear matter within the LOCV approach, we produce a trial wave function for Abody interacting system at zero temperature, denoted by Ψ, which is defined as the product of a non-interacting ground state wave function of A independent nucleons, Φ, and an A-body correlation operator F , as follows [53] Ψ(1...A) = F (1...A)Φ(1...A).
(
The correlation operator is in general considered as the symmetrized product of two-body correlation function operators, i.e.,
where S is the symmetrizing operator. f (ij) is expressed as
Here, α stands for J, L, S, T, and T z . p is set to unity except for triplet channels with J = L ± 1. In this case we choose p=2 and 3 with O The operator S 12 denotes the usual tensor operator. In general, the nuclear Hamiltonian includes a non-relativistic one-body kinetic energy as well as a two-body potential V (ij),
By neglecting the small contribution from higher-order terms in the cluster expansion series [50] , the energy expectation value E is gained via
with
where i = n, p, k F i is corresponding nucleon Fermi momentum divided by , and
where W (12) is expressed as
After doing some algebra, final expression for the twobody cluster energy is obtained by minimizing expression given by Eq.(8) with respect to variations in the functions f
Equation (9) defines the LOCV normalisation constraint and can be calculated by using the modified Pauli function h Tz (r) which in case of asymmetric nuclear matter takes the following form α (ij). By solving these equations, correlation functions and consequently, the two-body cluster energy can be determined.
The important role played by three-body forces (3BF) in both finite nuclei and nuclear matter calculations is well known. In nuclear matter calculations, unfortunately, whatever realistic two-body force (2BF) is used in a many-body approach, the saturation properties of cold symmetric nuclear matter fail to be reproduced correctly. This deficiency can be cured by inclusion of a 3BF in the nuclear Hamiltonian. For this reason, the semiphenomenological UIX interaction is considered in our many-body calculations. Generally, the UIX interaction is written as following [45] 
with a two-pion exchange contribution as
and a shorter-range phenomenological part,
A and U are adjustable parameters determined by fitting the empirical saturation density and energy of the cold SNM in the LOCV calculations. Numerals 1, 2, and 3 stand for three different interacting nucleons while σ, τ , and S 12 denotes the spin, isospin and the usual tensor operator respectively and Y (m π r) and T (m π r) are the Yukawa and tensor functions. The one-pion exchange operator X 12 in Eq. (12) is defined as
In two recent papers we have presented the procedure of extending the LOCV approach by using this kind of 3BF in its formalism at both zero [56] and finite temperature [57] . The 3BF is included via an effective two-body potential derived after averaging out the third particle, being weighted by the LOCV two-body correlation functions at fixed density ρ, i.e.,
where r = r 12 . In this way, a density-dependent effective two-body interaction is gained with the following operator structurē
Explicit relations for the coefficients V 2π στ (r), V 2π t (r), and V R c (r) are expressed in [56] . It is pointed out in the mentioned reference that some quantities that characterizes the saturation point of cold symmetric nuclear matter can not be produced within the LOCV approach even if the nuclear Hamiltonian is supplemented by a 3BF. This deficiency motivated us to propose a new parametrization for UIX 3BF which is based on isospin-dependent strengths. Our main purpose in the present work is to construct such a 3BF in order to reach correct saturation properties within the LOCV model. In this regard, subsection B of Sect.IV is devoted to investigating this issue in detail. The next Section III refers to the nuclear symmetry energy and other parameters characterizing saturation point of nuclear matter.
III. NUCLEAR SYMMETRY ENERGY
The energy per particle of cold asymmetric nuclear matter at given baryon density ρ(= ρ n +ρ p ) and asymmetry parameter X(= (ρ n −ρ p )/ρ) can be expanded around X = 0 as
. (17) The expansion coefficient is the nuclear symmetry energy and is defined as following
Due to the charge symmetry of nuclear forces, odd powers of X are absent in Eq. (17) . Magnitude of the X 4 term at saturation density has been estimated to be less than 1 MeV [58] . Therefore, higher-order terms in X can be neglected compared to the value of the quadratic term. Equation (17) is known as the parabolic approximation for the EOS of asymmetric nuclear matter which is accurate close to X = 0 and also works well for higher values of the asymmetry parameter. Within this approximation, the symmetry energy can be defined as
which states that to a good approximation, the symmetry energy measures the difference between the energy per particle in uniform isospin-symmetric matter and pure neutron matter at the fixed density ρ. Then, one can expand the nuclear symmetry energy around the nuclear matter saturation density ρ 0 . To second order the expansion is written as
where the coefficients respectively denote the nuclear symmetry energy value at normal density, the slope, and the curvature parameter. The L and K sym characterize the density dependence of symmetry energy around the saturation density and are written as
On the other hand, it is possible to expand the isobaric incompressibility of asymmetric nuclear matter in the power series of asymmetry parameter X as
where K 0 (X = 0) is the incompressibility of SNM at normal density and is expressed as
The K asy coefficient characterizes the isospin dependence of the incompressibility at saturation density and is often determined by using the following approximate expression [59]
Once again, one can keep only the first two terms in Eq.
(23) and neglect higher order ones in X [60] . Quantities K asy and E sym (ρ 0 ) together with the slope parameter can be determined experimentally and provide information about the density dependence of nuclear symmetry energy at normal nuclear density.
IV. RESULTS AND DISCUSSION
We first focus on calculations which are done by using only 2BF as well as 2BF+3BF with isospin-independent parameters in UIX 3BF. After that, in the second subsection we present our results obtained using revised version of 3BF based on the isospin-dependent parametrization of coefficients A and U in the UIX three-body force.
A. UIX three-body force with isospin-independent A and U parameters
In the beginning, we mention that in order to calculate the effective two-body potential via Eq. (15), the 1 S 0 channel two-body correlation function is used, as discussed in our previous work [56] . Moreover, for each specific asymmetry, the two-body correlation function which is obtained at the same asymmetry is used. Let us now start with presenting results of the energy per nucleon. Figure 1 shows the comparison between the energy per particle of SNM (X = 0) and PNM (X = 1) using 2BF as well as 2BF+3BF. Properties of saturation point of SNM in both cases are also listed in Table I . As has been mentioned earlier and is seen in Fig.1 , if two-body potential is the only interaction considered in the nuclear Hamiltonian, calculations fail to reproduce the saturation point of symmetric nuclear matter, i.e. they yield too small binding energy and a saturation density well above the empirical value of ρ 0 = 0.17 ± 0.01 fm −3 . Moreover, from Table I it can be concluded that the isobaric incompressibility of SNM, K 0 , which is defined by Eq. (24), is too large and does not lie in the rage of 250 < K 0 < 315 MeV which is calculated by re-analysing of recent data on the giant monopole resonance [65] Now let us focus on the case of using both 2BF and 3BF in the calculations. As expected, inclusion of 3BF leads to an acceptable saturation point by increasing the binding energy at saturation as well as pushing the saturation density toward lower values. The isobaric incompressibility at normal density is also decreased so that it fits well in the proper range. It is found that values A = −0.041 MeV and U = −0.000523 MeV yield a reasonable saturation point for cold SNM in the LOCV calculations.
By using the empirical parabolic law, nuclear symmetry energy can be easily extracted from LOCV microscopic calculations via Eq. (19) provided the parabolic approximation is valid. Quadratic dependence of the symmetry energy E(ρ, X) − E(ρ, 0) as a function of isospin asymmetry X at different densities is shown in Fig. 2 . Panel (a) of this figure is devoted to results obtained by using only two-body interaction while the other panel shows the results when the 3BF is included. In both cases, it is seen that the parabolic law is truly valid in the whole range of X at least up to moderate densities. Therefore, to a good approximation, E sym (ρ) can be determined by using the parabolic law.
Density dependence of the nuclear symmetry energy from both 2BF and 2BF+3BF potentials is shown in Fig.  3 . As can be seen, inclusion of 3BF causes a significant difference in both the behaviour and the value of E sym (ρ) compared to the case of using only 2BF. The latter leads to a soft symmetry energy that tends to be saturated at high densities, whereas the density-dependent nature of the 3BF provides more repulsive contribution to the PNM EOS and consequently, causes the symmetry energy to increase sharply with density. Exact values of symmetry energy calculated from Eq. (18) are also plotted in this figure. It is seen that there is no significant difference between the exact curves and those obtained from the parabolic approximation, i.e. Eq. (19), as is concluded from Fig. 2 .
On the other hand, from Table I one can conclude that the value of nuclear symmetry energy at normal density, E sym (ρ 0 ), turns out to be too large in the case of using only 2BF, although calculations predict the value of 74.07 MeV for the slope parameter at saturation density which is consistent with the constraint of 58.9 ± 16.0 MeV [40] . In order to see whether the model predicts the correct curvature parameter, K sym , one should use the approximate relation of K asy ≈ K sym − 6L. K asy is the isospin-dependent part of the incompressibility of SNM at normal density (see Eq. (23)) and can be extracted experimentally. Estimate of K asy = −500 ± 50 MeV has been obtained from isospin diffusion data [66, 67] , while a systematic study of giant monopole resonance for Sn isotopes predicts K asy = −550 ± 100 MeV [68] . The value of this quantity obtained within the LOCV model using 2BF is -520.57 MeV which lies well in the experimentally determined range. This result shows that the obtained K sym is also reasonable. For the sake of comparison, results from a number of many-body techniques and interactions are also reported in Table I . Although considering 3BF in the LOCV formalism was successful in producing the empirical saturation point, unfortunately it fails to provide a correct value for symmetry energy at normal density. This model predicts the value of E sym (ρ 0 ) = 39.9 MeV which although is smaller than the result obtained by using 2BF, is still clearly too large compared to the experimentally determined range of ∼ 31.6 ± 2.66 MeV [40] . Moreover, as can be seen in Fig. 1 , the large contribution that comes from the PNM energy, provides a stiff nuclear symmetry energy with large slope parameter L = 115.75 MeV. Obtained value for K asy is -678.92 MeV which is smaller than the lower limit of -650 MeV predicted from giant monopole resonance for Sn isotopes.
B. Revised version of the UIX three-body force with isospin-dependent strengths
The earliest model of P-wave two-pion exchange potential is due to Fujita and Miyazawa [69] , who assumed that it is entirely due to the excitation of the ∆-resonance. Neglecting the nucleon and ∆ kinetic energies we obtain
where m i is the mass of particle i and f πN N and f πN ∆ are the πN N and πN ∆ coupling constants, respectively. Using the observed values of m ∆ , f [70] . In some models of V 123 , by starting from the observed pion-nucleon scattering amplitude, and using current algebra and PCAC constraints, or chiral symmetry, higher absolute value of A is reached which is a consequence of taking into account the contributions of all the π −N resonances, as well as that of π −N S-wave scattering to the two-pion exchange 3BF. For example, TucsonMelbourne [71] and Texas [72] models predict values of -0.063 MeV and -0.09 MeV for the strength A, respectively [70] . On the other hand, in all the Urbana models of 3BF, A is treated as an adjustable parameter and is varied to fit the data. In light nuclei calculations, parameters A and U are chosen to yield the observed binding energies of 3 H and 4 He. On the other, because of the likely many-body effects which are not yet known well, there is no reason to believe that 3BF in nuclear matter system be the same as in light nuclei. As a consequence, in the case of nuclear matter, the values of 3BF parameters are adjusted to yield the empirical saturation point of SNM as well as the isobaric incompressibility [73, 74] .
Because of our poor knowledge of Hamiltonian in high density nuclear systems, there is no reason to believe that the 3BF among nnn be the same as among nnp, npp and ppp. Therefore, it seems reasonable to correct the Hamiltonian by considering an isospin asymmetry-dependent parametrization for the strength of 3BF.
As already concluded from previous subsection, within the LOCV method, it seems that the current form of 3BF fails to reproduce the semiempirical values of all the quantities that characterize the saturation point, at the same time. This fact motivated us to revise the procedure of calculating 3BF. Parameters A and U in the UIX three-body force (see Eqs. (12) and (13)) are usually considered as constants which are determined by fitting the empirical saturation density and energy of the cold SNM. In the present work, we extend this procedure, by proposing an isospin dependent structure for these parameters. Namely, we assume that A and U can be expanded to second-order in asymmetry parameter X as
and
It must be noted that this consideration will not violate the formalism of LOCV method, since one still has two, but different parameters in 3BF for each given nuclear system i.e., SNM, PNM and β-stable matter. Rewriting the 3BF strengths in the form of Eqs. (27) and (28) only changes the nuclear Hamiltonian and it surely keeps the many-body formalism unchanged. Such correction in Hamiltonian is also seen in other papers such as that by Akmal, et al [75] , where in addition to 2BF and 3BF, the authors consider a density-dependent term with adjustable strength in order to reproduce correctly the saturation properties of SNM.
By putting X = 0 in Eqs. (27) and (28), i.e. considering symmetric nuclear matter, one reaches the previous scenario. Therefore, A sym and U sym must have the same values as those mentioned before, i.e. -0.041 MeV and 0.000523 MeV, respectively. Variables A ′ and U ′ are determined in such a way that both the symmetry energy and its slope lie in the empirical range. For the whole range of A ′ and U ′ reported in Fig.4 , values of both A and U lie well in the range of −0.09 < A < −0.0058 MeV [72, 76] and 0 < U < 0.032 MeV [70, 77] which are obtained by other authors, in case of any nuclear matter system (SNM, PNM and β-stable matter). In order to achieve the proper value for E sym (ρ 0 ) and L, a softer EOS for PNM should be produced. Therefore, the repulsive part of 3BF, given by Eq. (13), which is controlled by the strength U , should be smaller. One way to do this task is to assume that there is no repulsive term in 3BF for PNM (X = 1). This aim can be reached by putting U ′ = −U sym in Eq. (28) . Another way is to assume that the repulsive part of 3BF for PNM is the same as that for SNM which means setting U ′ = 0 in Eq. (28) . Choosing positive values for U ′ will increase the repulsive component and does not help solving the problem. On the other hand, if one sets U ′ < −U sym , expression given by Eq. (28) becomes negative for PNM which is against the nature of this phenomenological repulsive component. As a consequence, U ′ can vary between two extreme values mentioned above, i.e., −U sym < U ′ < 0. Figure 4 shows the resulting E sym (ρ 0 ) and L in the plane of A ′ − U ′ . Each shaded parallelogram shows a specific span for symmetry energy at normal density while each diagonal black line corresponds to a fixed value of slope parameter. As an example, all pairs (A ′ , U ′ ) which are located within the tilted box produce 31 < E sym (ρ 0 ) < 32 MeV. Similarly, all pairs (A ′ , U ′ ) which are between the lines L = 60 and L = 65, produce 60 < L < 65 MeV. As can be seen in this figure, by setting A ′ = 0 in Eq. (27) one reaches to E sym (ρ 0 ) > 35 MeV and L > 90 MeV for the whole range of U ′ which are large compared to empirical values. Therefore, A ′ should be also non-zero in order to get smaller symmetry energy as well as the slope parameter. From this figure, it can also be concluded that both E sym (ρ 0 ) and L vary with parameters A ′ and U ′ , although the slope parameter seems to be more sensitive. Particularly, for a fixed value of U ′ , both the symmetry energy and the slope parameter decrease with A ′ while at fixed A ′ both E sym (ρ 0 ) and L increase as U ′ tends to zero. In order to understand the difference between the revised version of 3BF (which is characterized by Eqs. (27) and (28)) and the old one (the case of A ′ = U ′ = 0), a comparison is made for each component of the effective two-body interaction, namely the coefficients of Eq. (16). To do this task, three (A ′ , U ′ ) pairs which are denoted by letters B, C, and D in Fig. 4 , are compared with the 3BF with isospin-independent strengths, i.e. the case of
t (r), and V R c (r) of these four points are respectively plotted in Figs. 5 to 7 at ρ = 0.17 fm −3 for PNM. Corresponding numerical values of A ′ and U ′ are also reported in Table II . Two-pion exchange contribution to the UIX 3BF is divided into two components, namely V 2π στ (r) and V 2π t (r) which are both controlled by the strength A. Now let us consider the PNM case which is reached by putting X = 1 in Eqs. (26) and (27) , and keeping in mind that A sym is negative, as mentioned earlier. Consequently, the strength A tends to zero by increasing A ′ and one expects to get two-pion exchange components with smaller absolute value. This fact can be clearly seen in Figs. 5 and 6. Among four chosen cases, the largest value of A ′ corresponds to point B (see Fig. 4) . Therefore, the smallest absolute value of effective two-body potential is obtained in this case. Figure 7 shows the repulsive component of UIX 3BF whose strength is governed by parameter U . Once again, the isospin asymmetry is set to 1 (the case of PNM). As already pointed out, U sym is a positive parameter whereas U ′ is a negative one which varies in the range of −U sym < U ′ < 0. Therefore, larger negative values of U ′ lead to smaller U and consequently weaker repulsive components, as is seen in Fig.7 . On the other hand, point D corresponds to the lower limit predicted for U ′ , i.e. U ′ = −U sym which is equivalent to the case of U = 0. Therefore, at point D there is no repulsive component.
In Fig. 8(a) the energy per nucleon of PNM is presented which is obtained by using four different effective two-body potentials plotted in Figs. 5 to 7. It is seen that the EOS is strongly sensitive to the proposed parametrization of variables A and U . All curves with non-zero A ′ and U ′ are located below the case of A ′ = U ′ = 0 at the whole range of density. Therefore, it can be concluded that by producing an isospin-dependent structure for the 3BF parameters, our wish for gaining a softer EOS for PNM can be fulfilled. Figure 8 (b) represents the corresponding results for the density dependence of nuclear symmetry energy. A significant difference can be seen in both the value and behaviour of E sym (ρ) depending on the values of A ′ and U ′ . While symmetry energy obtained from A ′ = U ′ = 0 parametrization increases with density, those of isospindependent A and U tend to saturate at large densities. This tendency decreases from point B to D. Values of symmetry energy at saturation density E sym (ρ 0 ), slope parameter L, curvature parameter K sym , and the isospindependent part of the isobaric incompressibility K asy are reported in Table II for all curves. From this Table it is clear that all mentioned quantities which characterize the empirical saturation point, lie well within the experimentally predicted ranges.
In Fig. 8 (c) the density dependence of E sym predicted by LOCV method assuming model D of revised UIX 3BF (curve D in Fig. 8(b) ) is compared with the results of other many-body approaches such as variational [31] and BHF [69] [70] [71] models using different potentials. It is seen that both the values and behaviour of E sym obtained using D version of revised UIX 3BF in the LOCV method is in agreement with results of BHF calculations with 3BF.
One of the quantities which is directly affected by the symmetry energy is the relative population of protons Y p = 1 2 (1 − X) in the β-stable matter which is a matter composed of an uncharged mixture of neutrons, protons, electrons, and muons in equilibrium with respect to the weak interaction. Figure 9 displays this quantity as a function of total baryon density for dif-ferent (A ′ , U ′ ) pairs, namely (0, 0), points B to D and (0.0127, −0.000523), denoted by letter E. It is seen that both the value and behaviour of the proton fraction is strongly sensitive to the values of 3BF strengths. some curves are rising in the whole baryon density range while others tend to saturate. The reason is related to the behaviour of the symmetry energy in each case. As is seen in Fig. 8(b) , E sym (ρ) saturates for some values of A ′ and U ′ and consequently, the proton fraction shows the same behaviour, due to Y p (ρ) ∝ E 3 sym (ρ), relation valid for Y p ≪ 1 which is satisfied here (see, e.g. [72] ).
The smaller are the symmetry energy and the slope parameter, the smaller is the density at which the proton fraction saturates. However, there exists a region in (A ′ , U ′ ) plane characterized by −0.000327 < U ′ < 0 and E sym (ρ 0 ) 33.6 MeV (see Fig. 4 ) within which proton fraction increases monotonously and does not saturate in the whole range of density up to 1 fm −3 if one chooses any (A ′ , U ′ ) pairs from this area to calculate the energy of β-stable matter.
Since three-body forces which are one of the key quantities in calculations of the symmetry energy, contribute only to the potential part of E sym (ρ), it seems valuable to separate the symmetry energy into its kinetic, T , and potential, V , parts. Results of such separation is reported in Table III for different (A ′ , U ′ ) pairs at saturation density ρ 0 = 0.1748 fm −3 . The kinetic term of the symmetry energy is, to a very good approximation, equal to the difference in the kinetic energy between PNM and SNM, calculated using a simple Fermi gas model. Therefore, this term gives the same contribution for all parametrizations of 3BF. In the case of A ′ = U ′ = 0, the large contribution comes from the potential part, and this causes both the symmetry energy and its slope not to lie in the experimental range. This problem is resolved for parametrizations B,C,D by considering isospin-dependent parametrization for the 3BF coefficients. As can be concluded in Fig. 4 , the least value of V corresponds to point B.
In the LOCV approach one has access to the separate contributions of partial waves energies in the correlated many-body state. Table IV shows the partial wave decomposition of the potential part of E sym (ρ 0 ), L, and K sym up to J = 2 for different parameters of 3BF. Note that a number of partial waves, namely
3 D 2 , does not contribute to neutron matter. Therefore, contributions from these waves to the symmetry energy are the same for all allowed values of A ′ and U ′ . For the six remaining partial waves, all quantities E sym (ρ 0 ), L, and K sym decrease (or increase) monotonically from point D to B. The only exception is 1 S 0 channel in which E sym (ρ 0 ) increases from D to B while L and K sym show opposite behaviour. It can be concluded from this table that the 3 S 1 − 3 D 1 channel gives the major contribution to E sym (ρ 0 ) and L. It is also observed that the S = 1 (spin triplet) and T = 0 (isospin singlet) channel gives the largest contribution to both symmetry energy and its slope for all values of A ′ and U ′ . Similar features have been reported in [7] and references therein.
C. Some astrophysical implications of our results
We expect that for 0.5ρ 0 < ρ < 2ρ 0 ) (outer core, see e.g. [72] ) NS matter is an uniform, electrically neutral npeµ plasma in β-equilibrium. This is also the simplest (minimal) model of the inner core of NS (ρ > 2ρ 0 ). Using our 2BF+3BF nuclear Hamiltonian, we calculated the equation of state (EOS) and composition of NS core. Beta equilibrium implies specific fractions of j = n, p, e, µ in NS matter constituents, Y j = ρ j /ρ.
Cooling rate of NS core dramatically depends on Y p . Namely, if Y p < Y DU , where Y DU = 0.11 − 0.145 (depending on the precentage of muons), then powerful direct Urca (Durca) process of neutrino emission can act, leading to a fast NS cooling [73, 74] (for review of neutrino cooling of NS see, e.g. [75] ). As we see in Fig.9 , in the case of our 2BF+3BF Hamiltionian, 3BF decides whether the Durca process is acting in NS core (this was already remarked in [76] ).
Making 3BF less repulsive is crucial for getting correct values of E sym (ρ 0 ) and L. However, this leads to a softer EOS for NS cores. As a consequence, the maximum allowable mass for NS for the 2BF+3BF Hamiltonian, M max , decreases (in what follows we neglect the effect of rotation on M max , which for the frequencies of recently discovered 2 M ⊙ pulsars [73, 74] is very small). For all models of our revised UIX 3BF we get M max > 2 M ⊙ , consistently with [77, 78] .
This subsection is but a brief report on the effects of a revised 3BF on NS models. More detailed presentation will be given in a separate paper.
V. CONCLUSION
The extended LOCV formalism including the UIX 3BF force is used in order to study the density dependence of nuclear symmetry energy at zero temperature. The AV18 potential is used as the bare two-body interaction. It is shown that although inclusion of 3BF is successful in reproducing the saturation point properties, namely saturation density and saturation energy as well as the isobaric incompressibility, it fails to predict a reasonable value for both symmetry energy at normal density and its slope. In order to correct this deficiency, a revised version of 3BF is proposed which is based on an isospin-dependent parametrization of coefficients A and U in the UIX model. To analyse the effect of the new parametrization, different components of the revised 3BF are compared to those of the old one. Effect of the new parametrization of 3BF on density dependence of symmetry energy, its value at saturation density and its slope and curvature is also studied. It is shown that using this kind of 3BF in the LOCV formalism results in acceptable values for E sym (ρ 0 ), L, K sym and K asy . Moreover, separate contributions of partial waves energies in the potential part of symmetry energy are reported. It is found that the S = 1 and T = 0 channel, and particularly the 3 S 1 partial wave, give the largest contribution to both symmetry energy and its slope for all values of A ′ and U ′ . Implications of our 3BF on NS models were briefly mentioned in Sect. IV.C. A detailed report on the application of our 3BF models to modeling of NS structure and evolution is being prepared. 
